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Abstract 
 
Hematite (D-Fe2O3) constitutes one of the most promising semiconductor materials for the 
conversion of sunlight into chemical fuels by water splitting. Its inherent drawbacks related to 
the long penetration depth of light and poor charge carrier conductivity are being 
progressively overcome by employing nanostructuring strategies and improved catalysts. 
However, the physical-chemical mechanisms responsible for the photoelectrochemical 
performance of this material ( J(V )  response) are still poorly understood. In the present study 
we prepared thin film hematite electrodes by Atomic Layer Deposition to study the 
photoelectrochemical properties of this material under water splitting conditions. We 
employed Impedance Spectroscopy to determine the main steps involved in photocurrent 
production at different conditions of voltage, light intensity and electrolyte pH. A general 
physical model is proposed, which includes the existence of a surface state at the 
semiconductor/liquid interface where holes accumulate. The strong correlation between the 
charging of this state with the charge transfer resistance and the photocurrent onset provides 
new evidence of the accumulation of holes in surface states at the semiconductor/electrolyte 
interface, which are responsible for water oxidation. The charging of this surface state under 
illumination is also related to the shift of the measured flat band potential. These findings 
demonstrate the utility of Impedance Spectroscopy in investigations of hematite electrodes to 
provide key parameters of photoelectrodes with a relatively simple measurement. 
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Introduction 
As part of the quest to develop better and cleaner energy conversion and storage systems, 
the direct conversion of sunlight into chemical fuels has become a subject of renewed interest. 
One attractive example is the use of semiconductors to harness solar photons to split water, 
thereby producing hydrogen as a chemical fuel. In order to achieve this, a given material must 
satisfy a number of stringent requirements including visible light absorption, efficient charge 
carrier separation and transport, facile interfacial charge-transfer kinetics, appropriate 
positions of the conduction and valence band energy levels with respect to required reaction 
potentials and good stability in contact with aqueous solutions.1 While such systems were 
heavily investigated several decades ago, no material so far has fulfilled all the required  
conditions.2,3  Recent advances in nanotechnology and catalysis, however, greatly increase the 
prospects of developing a combination of materials capable of efficient conversion of sunlight 
to chemical fuels.4  
Hematite (Į-Fe2O3) is a very promising material for photoelectrochemical (PEC) water 
splitting due to its combination of sufficiently broad visible light absorption, up to 590 nm, 
and excellent stability under caustic operating conditions.5,6 However, hematite electrodes are 
adversely affected by a number of factors including a long penetration depth of visible light 
due to its indirect band gap transition and a very short minority carrier lifetime and mobility; 
this combination hinders efficient collection of the minority carriers via the required 
interfacial charge-transfer reactions. Considerable effort has been devoted to improving the 
actual efficiency by employing nanostructuring strategies, which disconnects the light 
absorption and charge collection processes, as well as introducing dopant atoms into the 
lattice.4,7,8  In addition, the kinetics of the interfacial extraction of holes from the hematite 
surface for the water oxidation (oxygen evolution) reaction seems to be sluggish, which 
allows for increased recombination with a concomitant loss of photocurrent and efficiency. A 
detailed understanding of the water oxidation reaction at the hematite electrode surface is 
therefore very important in devising strategies to overcome this kinetic barrier. Recently, a 
series of studies based on different characterization techniques have improved our 
understanding of the factors controlling the water splitting performance of hematite 
photoelectrodes.9-12 These works have pointed out the crucial role of the accumulation of 
holes at the surface of hematite electrodes under visible light irradiation in decreasing the 
photocurrent; however a clear discrimination of recombination and charge transfer rates, as 
well as the role of the applied voltage, has not yet been elucidated.  
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In this work we prepared a series of thin film hematite electrodes via atomic layer 
deposition (ALD) to investigate the PEC properties of this material under water splitting 
conditions.  ALD allows the reproducible deposition of pinhole-free, conformal films with a 
controllable thickness with angstrom resolution.13-15  Importantly, the self-limiting gas phase 
mechanism of ALD is an ideal technique for depositing thin films on high aspect ratio 
scaffolds which are deposited identically to the thin films used herein.16  Thus, the lessons 
learned on the model thin films can be directly applied to nanostructured electrodes prepared 
by ALD.  The thin, planar films used herein provide an ideal electrode for fundamental 
studies as they avoid the complexity and irregularities of most nanostructured surfaces.  We 
employed Impedance Spectroscopy (IS) to determine the main steps involved in photocurrent 
production under different conditions: the controlled variation of voltage, light intensity and 
electrolyte pH. Our results are based on the analysis of surface state capacitance,17-20 a 
concept developed in the 1980s, which provides new evidence of the accumulation of holes in 
surface states at the semiconductor/electrolyte interface. We have found that the charge-
transfer reaction to oxidize water occurs from these surface states rather than from holes from 
the valence band; the photocurrent onset appears only after holes start to accumulate in these 
surface sites. These findings further establish IS as an excellent tool to investigate different 
configurations of hematite electrodes in order to determine the charge dynamics with a 
relatively simple measurement. 
 
Background 
Impedance Spectroscopy is a well established method in PEC that uses a small voltage-to-
current ratio, the impedance Z , measured at different angular frequencies, Z , at a given 
condition of steady state. The spectroscopic scan over the relevant window of frequencies is 
resolved into a combination of resistances and capacitors in a given arrangement, called the 
equivalent circuit (EC). The EC is a useful tool for the interpretation of experimental results, 
provided that the different elements and their particular arrangement in a network possess 
physical meaning. Additionally, the EC describes the sequential displacement/accumulation 
of carriers in specific processes that compose the system, together with the specific places 
that produce steps of Fermi levels of the carriers, in relation to the electrostatic potential 
distribution in the system. It is sometimes claimed that the interpretation of the results based 
on EC is ambiguous, based on the fact that different equivalent representations of a given 
)(ZZ  function are possible. While there is a variety of possible representations of a single 
physical-chemical model, it is also true that the EC allows for the conveyance of a great 
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amount of information, especially when application of a simplified model is needed, 
according to the real amount of information contained in the data (in opposition to that 
contained in a general model), to avoid over-parameterization. Thus, while IS is 
straightforward to measure, the main problem is the extraction of information contained in the 
data, and this is greatly aided by using a sound EC, especially in a field where such methods 
have been tested over many years and a great deal of experience is available. It is important, 
therefore, to clarify the basis for a given approach to treat the experimental results, and we 
describe ours in the following.  
We should keep in mind that the main goal for understanding the PEC operation of a 
photoelectrode is to explain the characteristic ( )J V  behavior; that is, the current density with 
respect to applied bias voltage under steady state conditions. Indeed, the ( )J V  characteristics 
are used to derive the efficiency, considering the number of photons impinging on the 
semiconductor.6 In IS, the small perturbation procedure provides the following quantity 
1
tot S
JR A V
w§ · ¨ ¸w© ¹
 (1) 
where totR  is a total resistance, )0(   ZZRtot , and SA  is the surface area of the electrode. 
Equation 1 shows the close relationship between ( )J V  and impedance results, and how the 
latter is used to understand the former. The point is that with IS we can resolve the different 
components of totR , while this is more difficult working directly with ( )J V . As an example, 
suppose that the traffic of carriers from the back contact to the solution consists of two serial 
processes cttot RRR  1 , one for transport and another one for interfacial charge transfer. 
The feature that enables us to separate the two added resistances is the capacitance. 
Considering the classical Randles circuit, this capacitance is associated with the Helmholtz 
layer at the electrode/solution interface, HC , and affects only ctR  in parallel. 
For the interpretation of PEC measurements of illuminated and dark hematite electrodes 
we adopt a classical view that is depicted in Figure 1(a);21 this allows us to move directly to 
the discussion of the elements of EC to interpret the IS measurements, while we note that 
analytical formulations of this problem are well-known and have been amply discussed in the 
literature.22-25 The model we suggest is shown in Figure 1(b) and highlights the central role of 
a surface state acting as a recombination center, trapping electrons from the conduction band 
and holes from the valence band, as given by trappingR . Surface states can also affect the 
charge transfer of holes to the donor species in solution, as described by trapctR , , although 
another pathway for direct charge transfer from the semiconductor bands is included, bulkctR , . 
A formal derivation of the interfacial impedance is given in Ref. 26. This EC can also be 
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traced back to a large body of literature on IS of PEC systems18-20,27 and can be considered 
standard knowledge, although a complete interpretation of the measured data is often elusive 
due to the complexity of this system. Therefore, some clarification of fundamental points 
seems necessary. As mentioned before, the crucial element for the analysis of resistances in 
IS are the capacitances and their combination in the EC, and we now discuss the capacitive 
elements in the EC. For a sufficiently thick (with respect to Debye screening length) and 
doped semiconductor material, there are two capacitances well established in the literature. 
First, the depletion layer capacitance, scC , described by the Mott-Schottky (MS) equation: 
¸¸¹
·
¨¨©
§  ¸¸¹
·
¨¨©
§
q
TkEVNqC
A B
fb
Dsc
S
0
2
2
NH  (2) 
where V  is the applied voltage, fbE  is the flat band potential, ND is the dopant density, Bk  is 
%ROW]PDQQ¶VFRQVWDQWT  the absolute temperature, q  is elementary charge, ț is the dielectric 
constant of the semiconductor (taken to be 32 for the hematite)28 and İ0 is the vacuum 
permittivity (8.854 × 10í12 C Ví1 mí1). In addition, there is the series connection of HC , 
where both elements have been lumped into bulkC . These two capacitances are dielectric in 
origin. In contrast to this, there is a third capacitance in this system that is of the type of a 
chemical capacitance,29,30 and is termed the surface state capacitance, ssC ,17-20,31,32 with an 
expression given by 
)1(
2
ssss
B
ss
S
Fn
ss
ssSss ffTk
qNAE
fqNAC  w
w  (3) 
Here ssN  is the surface density of the surface states, ssf  the fractional occupancy of the state, 
and FnE  the electron Fermi level of the state.  
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a)   
 
b)  
c)   
 
d)  
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e)  
 
Figure 1. (a) Proposed physical model for the charge carriers dynamics in hematite 
electrodes, showing their generation, G, by light absorption, surface state trapping, and 
interfacial charge-transfer reactions. (b) Equivalent circuit corresponding to physical model in 
(a). (c) Simplified model used for IS interpretation created by removing trapctR , . (d) Simplified 
model used for IS interpretation created by removing ,ct bulkR . (e) Randles circuit 
 
According to Equation (3) the surface state capacitance traces a peak with respect to Fermi 
level variation at the point ssFn EE  , where ssE  is the energy level of the surface state. 
Therefore, a voltage scan of the capacitance at intermediate frequencies (to remove the effect 
of bulkC ) allows a direct spectroscopic measurement of the surface states of a semiconductor 
in the energy axis. This method has been applied over many years, especially using an inert 
electrolyte that totally blocks the current flow.17,32 However, in general we must be careful 
when establishing the relationship between the applied voltage and the energy of the surface 
state. We recall that in PEC system consisting of an n-type semiconductor in contact with a 
well defined redox couple, the voltage in a dark measurement relates to the difference of the 
Fermi level of electrons in the semiconductor, FnE , and the redox potential of the redox 
couple, as indicated in Figure 2(a). When irradiated with suprabandgap illumination from the 
electrolyte side, electron±hole pairs are generated in the region where the light is absorbed, 
plus one diffusion length of the minority carriers,21,33 which are the holes in this case. Excess 
minority carriers are therefore created close to the interface, with the concomitant lowering of 
their own Fermi level, as indicated in Figure 2(b). The split of the Fermi levels produces a 
photovoltage, and for infinitely fast exchange of holes with the redox species across the 
interface, equilibrium would be achieved, where redox
surface
Fp EE  .  This means that the voltage 
will be given by redoxFn EEqV   , just as in Figure 2(a). The usual case, however, is that 
redox
surface
Fp EE  , due to sluggish exchange, particularly when intermediate steps for the 
reaction or surface states are involved.34 Therefore, the Fermi level of holes at the surface 
becomes effectively disconnected from the applied voltage, and the problem requires a kinetic 
solution.  
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Figure 2.  Scheme of a semiconductor with conduction band and valence band edges cE  and 
vE , and the quasi-Fermi levels of the respective states. (a) Applied voltage V  in the dark. (b) 
Photogeneration of electron hole pairs and charge transfer of hole to redox couple in solution.  
 
One important point for the interpretation of the capacitance results is therefore the 
connection of the voltage with the occupation of the surface states, and the main 
consideration here is that ssf  may be determined exclusively by kinetic factors.35 In Figure 3 
we summarize the main cases for the interpretation of ssC .  Figure 3(a) shows the case of an 
electron trap that only exchanges electrons with the conduction band. In this case both the 
extended states and the trap are subjected to a unique Fermi level FnE .  This situation has 
been widely discussed in dye-sensitized solar cells in terms of the quasistatic 
approximation.36,37 This case (a) is also valid in describing a surface state in the presence of a 
blocking electrolyte, so that the voltage really reads the position of the electron Fermi level in 
the surface state.17,32 The second case, (b), is that of a surface state that transfers electrons 
to/from the solution. In this case, the Fermi level of the surface state can still be defined by 
kinetics, and is lower than the Fermi level of the free electrons, implying that the peak of the 
surface state appears at more negative voltage (more positive Fermi level position) than the 
real position of ssE .26,38 A similar situation is found in Figure 3(c), where the trap states 
accept both electrons and holes and functions as a recombination center.39 The PEC situation 
relevant to this work, and also given in Figure 2, is shown in Figure 3(d). We see that the 
occupancy of the surface state is governed by the rates of trapping electrons and holes, and by 
the rate of charge transfer by the surface reaction with electrolyte species. It is obvious that 
there are different possible situations, depending on the different kinetic constants of these 
processes, which determine the position and size of the capacitance peak. A full description of 
the kinetic model requires analytical development beyond the scope of the present work. 
Another well known effect, is the shift of the energy levels of the semiconductor that is 
caused by surface charging.  This effect is represented in Figure 3(e) for the case that the hole 
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density in the surface state increases with respect to Figure 3(d). This effect produces a 
stabilization of the semiconductor capacitance, scC , due to the pinning of the Fermi level, and 
a displacement of the MS plots.18-20 The displacement of MS is a function of the illumination, 
which changes the hole density in the surface state. 
 
 
 
 
Figure 3. Scheme of a semiconductor with conduction band and valence band edges cE  and 
vE , a localized state in the bandgap tE  or surface state ssE , and the quasi-Fermi levels of 
the respective states. (a) Exchange of electrons only from conduction band. (b) Trapping and 
charge transfer of electrons. (c) Trapping of electrons and holes. (d) Trapping and charge 
transfer of electrons and holes and (e) displacement of bands by surface charging. 
 
Experimental 
 Thin films of hematite were deposited on  fluorine-doped tin oxide (FTO) coated glass 
substrates +DUWIRUG*ODVVFP-2) by atomic layer deposition (Savannah 100, Cambridge 
Nanotech Inc.) using a modified procedure to that described previously.40 The modification 
consisted of using both ozone and water as the oxidation source instead of just ozone, which 
results in increased growth rate and uniformity of the hematite films compared to those made 
using only ozone as the oxygen source.41  A single precursor-oxidation cycle consisted of a 20 
second ferrocene pulse followed by an oxidation sub-cycle which included 10 cycles of a 
0.015 s H2O pulse followed by a 6 s ozone pulse, where each sub-cycle was separated by a 5 s 
purge. 7KLV R[LGDWLRQ F\FOH LV WKXV HVVHQWLDOO\ D  V ³ZHW´ R]RQH SXOVH. All films in this 
experiment were prepared by 1,200 ALD cycles and measured to be ~60 nm by absorption 
measurements (Perkin Elmer, Lambda 35 with a Labsphere integrating sphere) corrected for 
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reflection as described previously, as well as ellipsometric measurements (Horiba Jobin 
Yvon, Smart-SE).40  
Electrolytes were prepared at pH 6.9 (employing a 0.1 M phosphate buffer) and pH 13.3 
(0.1 M KOH). The pH was determined with Fisher Scientific Accumet pH meter. All aqueous 
solutions contained 200 mM KCl as a supporting electrolyte. Hematite electrodes were 
PDVNHGZLWKDȝP6XUO\QILOP6RODURQL[ZLWKDFP2 hole to define the active area 
and to prevent scratching of the thin films which were clamped to a custom made glass 
electrochemical cell. Surlyn films were adhered to the electrodes by heating to 120° C. A 
homemade saturated Ag/AgCl electrode was used as a reference electrode and high surface 
area platinum mesh was used as the counter electrode. Impedance spectroscopic and 
photoelectrochemical measurements were made with an Eco Chemie Autolab potentiostat 
coupled with Nova electrochemical software. IS data were gathered using a 10 mV amplitude 
perturbation of between 10,000 and 0.01 Hz. The IS data over this six order of magnitude 
variation of frequencies were simultaneously fit to the equivalent circuits described in the text 
using Zview software (Scribner Associates). The light source was a 450 W Xe arc lamp. An 
AM 1.5 solar filter and neutral density filters were used to simulate sunlight at 100 mW cm-2; 
neutral density filters were also employed to reduce the light intensity to 33 and 10 mW cm-2. 
All photoelectrochemical measurements were performed by shining light from the substrate-
electrode (SE) interface.  While all experiments shown in this work were performed multiple 
times, the data shown herein are from a single hematite electrode.    
 
Results and Discussion 
Plots of steady state photocurrent density, J, vs. applied voltage, V, curves in response to 
varying light intensities ± 10, 33 and 100 mW cm-2 ± are shown in Figure 4(a) for pH 6.9 and 
Figure 4(b) for pH 13.3. Since the water oxidation potential and the hematite bands both shift 
at the Nernstian rate of 59 mV / pH, the potentials were normalized to the real hydrogen 
electrode reference (RHE).42-44  The J(V )curves under 100 mW cm-2 illumination (1 sun) are 
plotted vs RHE in Figure 4(c). The curves show remarkable overlap, however the 
performance of the electrodes at pH 13.3 does show a somewhat improved current onset 
potential of about 100mV. 
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a)  
b)  
c)  
Figure 4.  J(V )curves for a 60 nm thick Fe2O3 electrodes at pH 6.9 (a) and 13.3 (b) under 
different illumination intensities; dark J(V )  curves are indistinguishable from the x axis on 
this scale. (c) J(V )  curves measured under 1 sun illumination for 2 different electrodes 
measured at pH 6.9 and pH 13.3 plotted on the RHE scale. 
 
IS measurements were performed over the same potential range as the J(V )  curves, under 
each light intensity and in the dark, at pH 6.9 and pH 13.3. Representative Nyquist plots 
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under illumination are shown in Figure 5. Clearly there are two semicircles apparent in the 
impedance spectrum. Similar looking impedance spectra have recently been reported for 
hematite electrodes, and a variety of equivalent circuits put forth interpret these spectra.11,45  
In these analyses, the low frequency semicircle is generally attributed to the series 
arrangement of the depletion capacitance of the semiconductor SCC  and the Helmholtz 
capacitance at the electrode surface, and the role of surface states has largely been ignored. 
The general EC proposed, which includes surface state hole trapping proposed in Figure 1(b), 
cannot unambiguously fit the impedance spectra since it does not discriminate between  
ct ,bulkR and ct ,trapR . Consequently, two simplifications of this general equivalent circuit have 
been employed, as shown in Figure 1(c) and 1(d). In these simplifications, either ct ,trapR  or 
ct ,bulkR  is eliminated. The simplified equivalent circuits are excellent approximations if charge 
transfer (water oxidation) is dominated by one route, either from the valence band (Fig. 1(c)) 
or surface states (Fig. 1(d)). Both of the simplified models were used to fit the IS data under 
illumination and more consistent results were obtained for the model displayed in Figure 1(d) 
(See Supporting Information for a more detailed explanation, Fig. SI1). The simplified model 
in Figure 1(d) is therefore employed to derive the fit parameters from all the IS measurements 
under illumination for the analysis presented below.  We note, however, that only one 
semicircle was observed for IS measurements in the dark at all applied potentials. In this case, 
since a second capacitance cannot be determined, a Randles circuit was employed to fit the 
data, Figure 1(e) which is equivalent to the simplified model in fig 1(b) without the trappingR  
and trapC elements.   
 
Figure 5.  Nyquist plots for IS data measured at pH 6.9 at 0.65 V vs Ag/AgCl (red circles) 
and 0.70 V vs Ag/AgCl (orange triangles) under 1 sun illumination.  Several frequencies 
(black symbols) are labeled. 
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From the outset we wish to show the close relationship between the ( )J V  response and the 
impedance results. Therefore, Figure 6 shows a plot of the total resistance, totR  
( tot S trapping ct ,trapR R R R   ), directly measured by IS compared to that obtained by the 
derivation of totR  from the ( )J V curves as in Eq. (1). It is observed that both quantities are 
coincident, within experimental error. There is thus a perfect correlation between the total 
resistance, totR , as a function of potential derived from the J(V )  curves (lines) and that from 
the fitted IS data (symbols) for different light intensities. The excellent agreement between 
the totR  calculated from the J(V )  curve and the IS parameters constitutes a strong evidence 
of the validity of our approach. 
 
a)   
b)  
Figure 6.  totR  values determined by calculating dV/dJ from the J(V ) curves in figure 4 
(lines) as well as the calculated totR  values by adding the resistances associated with charge 
transfer from IS (symbols) in pH 6.9 (a) and pH 13.3 (b) electrolytes. The colors correspond 
to different light intensities: 0.1 sun (orange triangles), 0.33 sun (yellow squares), and 1 sun 
(green diamonds). 
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The values for the parameters extracted from fitting the IS data at pH 6.9 and pH 13.3 
( bulkC , trappingR , trapC  and ct ,trapR ) at the different light intensities are shown in Figure 7(a) and 
7(b). The series resistance, Rs, was essentially constant and small, which is consistent with 
ohmic behavior at the FTO/hematite interface.46-48  We note that the increase of trapC  is 
correlated to the decrease of ct ,trapR , it being the case that both trapC  and ct ,trapR  shift in 
concert for the different illumination conditions tested. This clearly indicates that hole 
transfer for the water splitting reaction takes place through the surface state. We note that 
similar behavior was obtained for multiple photoelectrodes, including those prepared with 
different thicknesses. Moreover, the photocurrent onset is also coincident with the charging 
of this surface state and the decrease of ct ,trapR , further confirming that charge transfer takes 
place from this surface state (Fig. 8). In contrast, the value of ctR  in the dark is large and 
essentially constant indicating slow water oxidation kinetics from valence band holes. 
Obviously, photoexcitation of hematite is required to supply holes to the surface state, hence 
the dark characteristics are very different from those under illumination. 
 
 
a) 
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b) 
 
Figure 7.  Plots of equivalent circuit parameters obtained from fitting IS data in the dark (red 
circles), at 0.1 sun (orange triangles), 0.33 sun (yellow squares), and 1 sun (green diamonds) 
light intensities (a) at pH 6.9 and (b) at pH 13.3. 
 
  
 
Figure 8. J(V )curve (green solid line), trapC  (orange triangles) and ct ,trapR  (red circles) 
values obtained for a 60 nm hematite electrode under 1 sun illumination and pH 6.9. 
 
The values for trapC  displayed in Figure 7 show Gaussian behavior when the sample is 
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illuminated, in good agreement with the existence of a trap state described by equation 3. The 
peak of trapC  shifts to more negative potentials with increasing light intensity at pH 6.9. At pH 
13, however, there is no clear trend in the trapC  peak with light intensity. The total magnitude 
of trapC  increases with light intensity at pH 6.9, however at pH 13.3 the magnitude is lower 
compared to pH 6.9 and essentially constant for the different illumination intensities. 
Comparing the position of the trapC  peaks at both pH values, there is a shift by approximately 
59 mV/pH unit, demonstrating Nernstian behavior. The trapC  values can be used to calculate 
the energetic distribution of the density of states,  Fng E or DOS, by 29,49 
     trap FnC E qg E         (5) 
The calculated DOS for hematite at pH 6.9 and 13.3 can be seen in Figure 9(a) plotted vs 
Ag/AgCl under different light intensities. A plot of the DOS vs RHE under 1 sun is also 
shown in Figure 9(b). The formal potential for water oxidation (1.23 V vs RHE) is also 
included. It is worth noting that the energetic distribution of the density of trap states peaks 
are very close to the formal potential of the oxygen evolution reaction, particularly at pH 
13.3. This result suggests an equilibration of trap state energy and hole accepting species in 
the electrolyte. Since the water oxidation reaction involves the participation of four holes,50 
some complications in interpretation arise from the fact that holes have to be stored in 
intermediate states.11   
The details of the mechanism of water oxidation with metal oxide electrodes are still not 
clear, however it is generally believed to proceed from one or more surface hydroxyl (M-
OHx) intermediate states formed from hole transfer to a surface coordinated water and a 
concomitant deprotonation step.51-54 We therefore suggest that the surface state capacitance 
that builds up during water photo-oxidation is due to a M-OHx intermediate. It is well known 
that metal oxide electrodes in contact with aqueous solutions have hydroxy-terminated 
surfaces; it is the protonation/deprotonation equilibrium of these M-OHx sites which gives 
rise to the pH-dependent variation of the band energies of metal oxide electrodes 47,55 in good 
agreement with the Nernstian behavior of the photoelectrodes observed in the present study. 
This could additionally account for the somewhat different IS behavior observed for water 
oxidation in pH 6.9 and 13.3 electrolytes since the surface termination chemistry would be 
different. More work is needed to clarify these points, however, which is the subject of 
ongoing research in our labs. Nevertheless, this demonstrates the utility of employing IS in 
combination with J(V ) measurements in understanding water splitting reactions. 
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a)  
b)  
Figure 9.  a) DOS as a function of potential for pH 6.9 (solid lines) and pH 13.3 (dashed 
lines) for 0.1 sun (orange triangles), 0.33 sun (yellow squares), and 1 sun (green diamonds) 
light intensities.  b) DOS curves under 1 sun illumination vs. the RHE reference. 
 
The values for bulkC  do not show a significant trend in the logarithmic representation 
of Figure 6. These values were fit using the Mott Schottky equation (eq. 3). The resultant 
Mott-Schottky plots are displayed in Figures 10(a) for pH 6.9 and 10(b) for pH 13.3. The 
calculation of the flatband potential, fbE , and the dopant density, DN , for different light 
intensities, can be seen in Table 1. The dopant density, DN  is practically constant for all the 
tested conditions, in the range 3×1018 - 6×1018 cm-3 in good correspondence with previous 
values reported for this material.40  The identity of these dopants has not been confirmed, due 
to the very small amount of impurity needed to produce these modest doping levels in the thin 
films studied.  The typical assignment of oxygen vacancies for metal oxide electrodes, which 
can be related to the annealing and cooling of iron oxide independent of preparation method, 
may be applicable.48,56,57  A recent report on the mechanism of the ALD of hematite suggests 
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the dopants are due to a trace Nb impurity in the ALD reactor; thus the n-type doping may be 
due to Nb or other residual metal contamination in our ALD reactor.58  In any case, we 
consistently obtain these doping levels, which is typical of hematite and other metal oxide 
electrodes.47,48  At pH 6.9, there is an obvious positive shift in the Mott Schottky plot under 
illumination; the shift increases with light intensity. This behavior is consistent with surface 
state charging as described by Memming et. al.20 In quantitative terms, the shift of the flat 
band potential ( fbE' ) can be related to that derived from the charging of the surface states, 
which is calculated from charging tot HV Q / C'  The total charge totQ  is obtained by 
integration of trapC  with voltage as:  
 
tot trapQ C dV ³         (6) 
 
In the supplementary information (Table SI1), we list the values totQ  for the different pH and 
illumination intensities tested. While there is good qualitative agreement between fbE'  
and chargingV' , good quantitative agreement is obtained only when the value of Helmholtz 
capacitance is HC  = 2×10-4 F cm-2 (Table 2). We note that this is an extremely high value for 
a Helmholtz capacitance. 
a) )  
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b)  
c)  
Figure 10. a) Mott Schottky plot at pH 6.9 under 0.1 sun (orange triangles), 0.33 sun (yellow 
squares), and 1 sun (green diamonds) light intensities and in the dark (red circles).  b) Mott 
Schottky plot at pH 13.3 under 0.1 sun (orange triangles), 0.33 sun (yellow squares), and 1 
sun (green diamonds) light intensities and in the dark (red circles).  c) Mott Schottky plots at 
pH 6.9 in the dark (red circles) and under 1 sun (green diamonds). A plot of the trap state 
capacitance, Ctrap, (orange squares) is superimposed to show the Fermi level pinning. 
 
There is also a flat region in the Mott Schottky plot under illumination from 
approximately 0.6 V to 0.9 V vs Ag/AgCl at pH 6.9. This flat region corresponds to the peak 
of the trapC  under illumination. Figure 10(c) shows a plot of trapC  superimposed on the Mott 
Schottky plots at pH 6.9. This is a clear example of Fermi level pinning. At pH 13, the 
magnitude of the surface state capacitance is lower compared to pH 6.9 (Fig. 6). 
Consequently, a lower positive shift of the flat band potential can be anticipated by charging 
the surface state. This is indeed observed in Figure 10(b). The quantitative correlation 
between fbE'  and chargingV'  is also shown in Table 2. There is good agreement except for the 
value obtained at 0.1 sun illumination. Again, the required values of HC  to produce good 
quantitative agreement are too high for a double layer capacitance and further research is 
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needed to understand this behavior. 
 
Conclusions 
Impedance Spectroscopy was employed to investigate the photoelectrochemical 
behavior of hematite electrodes under water splitting conditions. The Impedance spectra are 
characterized by the existence of a prominent surface state, which follows classical behavior 
in terms of capacitive features and the dependence on voltage and illumination intensity.18 
The strong correlation between the trapC  peak with the ct ,trapR  valley and the photocurrent 
onset as illustrated in Figure 8, together with the perfect correlation between totR from both IS 
and derivation of the steady state J(V ) curve clearly indicates that the hole-transfer step 
leading to water oxidation takes place predominantly from surface trapped holes, and not 
directly from valence band holes. This result represents an important step in understanding 
the mechanism of water oxidation at metal oxide electrodes; it should also provide new 
insight into the effects of surface modification strategies previously reported.45 The charging 
of the surface state was also used to explain flat band potential shifts under illumination, 
however an unusually large value of the Helmholtz capacitance is required. Thus, in addition 
to providing new insight into the water oxidation process, a methodology is presented which 
will be of great utility in further investigations of different configurations of hematite 
electrodes in order to determine their charge collection efficiency and surface catalytic 
properties. 
 
 
Table 1. Parameters derived from the Mott Schottky plots under illumination. Calculations 
assume k=32. 
 
 pH 7 pH 13.2 
Illumination / 
Sun 
Efb / V vs 
Ag/AgCl 
ND / cm-3 Efb / V vs 
Ag/AgCl 
ND / cm-3 
0 (Randle 
circuit) 
0.25 3×1018 -0.22 4.9×1018 
0.1 0.33 3.6×1018 -0.20 5.8×1018 
0.33 0.38 3.4×1018 -0.13 4.7×1018 
1 0.45 3.8×1018 -0.07 4.8×1018 
 
 
Table 2. Correlation of the voltage shift in flat-band potential  and that calculated 
   
22 
 
from the charging of the surface state 'Vcharging (with CH=2×10-4 F·cm-2). 
 
 pH 7 pH 13 
 'Vcharging (mV)  'VFB (mV) 'Vcharging (mV)  'VFB (mV) 
0.1 sun 98 76 121 14 
0.33 sun 153 130 61.4 82 
1 sun 204 197 121 147 
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